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Functional topography of working memory for face or voice identity
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We used functional magnetic resonance imaging (fMRI) to investigate

whether the neural systems for nonspatial visual and auditory working

memory exhibits a functional dissociation. The subjects performed a

delayed recognition task for previously unfamiliar faces and voices and

an audiovisual sensorimotor control task. During the initial sample and

subsequent test stimulus presentations, activation was greater for the

face than for the voice identity task bilaterally in the occipitotemporal

cortex and, conversely, greater for voices than for faces bilaterally in the

superior temporal sulcus/gyrus (STS/STG). Ventral prefrontal regions

were activated by both memory delays in comparison with the control

delays, and there was no significant difference in direct voxelwise

comparisons between the tasks. However, further analyses showed that

there was a subtle difference in the functional topography for two delay

types within the ventral prefrontal cortex. Face delays preferentially

activate the dorsal part of the ventral prefrontal cortex (BA 44/45) while

voice delays preferentially activate the inferior part (BA 45/47),

indicating a ventral/dorsal auditory/visual topography within the

ventral prefrontal cortex. The results confirm that there is a modality-

specific attentional modulation of activity in visual and auditory sensory

areas during stimulus presentation. Moreover, within the nonspatial

information-type domain, there is a subtle across-modality dissociation

within the ventral prefrontal cortex during working memory main-

tenance of faces and voices.
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Introduction

Studies on working memory have suggested that there are

dissociable domain-dependent functional topographies within the

prefrontal cortex for working memory processing of verbal, spatial,
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and nonspatial visual information (for reviews, see Courtney et al.,

1998b; Levy and Goldman-Rakic, 2000; Smith and Jonides, 1999).

Dorsal prefrontal regions including the superior frontal sulcus have

been proposed to be specialized for working memory maintenance

of visual locations (e.g., Courtney et al., 1996, 1998a; Glahn et al.,

2003; Gruber and von Cramon, 2003; Munk et al., 2002; Sala et

al., 2003), whereas ventral prefrontal regions are more active for

maintenance of nonspatial visual and verbal information (e.g., Awh

et al., 1996; Courtney et al., 1997, 1998a; Jonides et al., 1997;

Nystrom et al., 2000; Rämä et al., 2001). It has been proposed that

the auditory system is also organized into two domain-dependent,

spatial and nonspatial, processing streams, similar to that seen in

the visual system (Ungerleider and Haxby, 1994; Ungerleider and

Mishkin, 1982). Different regions of the auditory cortex have been

shown to be differentially responsive to spatial and spectral

features of auditory stimulation and these regions in the auditory

belt cortex have been shown to project to distinct regions of the

temporal, parietal, and prefrontal cortices (Romanski et al., 1999;

Tian et al., 2001; for review, see Rauschecker and Tian, 2000).

Recently, we and others have shown that during auditory working

memory, maintenance of spatial and nonspatial information

modulates activity preferentially in dorsal and ventral auditory

pathways, respectively (Alain et al., 2001; Arnott et al., 2002;

Rämä et al., 2004), suggesting that dorsal/ventral, spatial/non-

spatial functional topography of the frontal cortex is similar for

auditory and visual working memory. However, without a direct

comparison to a comparable visual task in the same group of

subjects, we cannot determine whether these auditory activations

are in exactly the same anatomical location as the analogous visual

working memory regions.

Single neurons showing selective responses during perceptual

processing of monkey vocalizations have been localized within the

ventral prefrontal cortex, but locations of auditory neurons were

found to be more anterior and lateral than those of visually

responsive neurons, suggesting that auditory and visual working

memory systems are dissociable within the ventral prefrontal cortex

(Romanski and Goldman-Rakic, 2002). It appears, however, that

only small regions in the prefrontal cortex are modality-specific for

auditory and visual information (Poremba et al., 2003).
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In the present study, we aimed to compare the neural systems

involved in working memory for face and voice identities. We used

voices because prefrontal neurons in monkeys were shown to

respond better to natural sounds or monkey vocalizations than to

pure tones (Azuma and Suzuki, 1984; Romanski and Goldman-

Rakic, 2002), and also because the anterior part of the superior

temporal sulcus (STS) in humans has been shown to exhibit

selective activation for voices, leading to the suggestion that this

region may be analogous to the face-sensitive area in the fusiform

gyrus, which is a part of the ventral visual pathway (Belin et al.,

2000, 2002; Shah et al., 2001). The subjects performed a delayed

recognition task for previously unfamiliar faces and voices. To

emphasize attentional and working memory processes, rather then

perceptual mechanisms that are known to be different for auditory

and visual stimuli, the faces and voices were presented simulta-

neously and the subjects were instructed to keep in mind either the

face or the voice. Voice samples were non-imageable two-word

phrases (e.g., bfurther considerationQ) and were obtained by asking

several individuals to utter a single word with a neutral emotional

intonation. To find out whether a functional dissociation between

auditory and visual information might occur during specific phases

of this working memory task, we performed separate analyses of

task-related activations evoked during the sample, delay, and test

periods of the two memory tasks. The aim of the study was to find

out (1) whether the neural mechanisms underlying encoding,

maintenance, and recognition of faces and voices in working

memory are dissociated or (2) whether nonspatial working memory

activates common neuronal structures independent of stimulus

modality. It was hypothesized that while neural structures in

posterior cortical areas are segregated for modality-specific process-

ing of identity information (face vs. voice), the ventral prefrontal

cortex would be activated similarly for both working memory for

faces and for voices. Such a result would suggest that a common

neural network in the prefrontal cortex handles nonspatial informa-

tion independent of the stimulus modality.
Materials and methods

Subjects

Twelve right-handed subjects (seven females) between the ages

of 18 and 34 (mean 24 years) participated in the study. The subjects

were native English speakers and were screened for mental and

physical health. They had no history of head injury, drug or alcohol

abuse, and no current use of medications that affect central nervous

system or cardiovascular function. The subjects gave written

informed consent, and were paid 50 USD for participating in the

experiment. Nine (six females, mean 19 years) right-handed subjects

participated in the behavioral study, which was conducted before

brain scanning to ascertain whether the memory tasks were equally

difficult. The experimental protocol was approved by the Institu-

tional ReviewBoards of the Johns Hopkins University and the Johns

Hopkins Medical Institutions.

Visual and auditory stimuli

Visual stimuli were presented using an LCD projector located

outside of the scanning room connected to a Power Macintosh G3

computer running SuperLab software. The stimuli were projected

onto a rear projection screen mounted inside the bore of the magnet,
behind the subject’s head. Subjects viewed the stimuli using a mirror

mounted at the top of the head coil. The stimuli were gray-scale

images of previously unfamiliar female (n = 8) and male (n = 8)

faces from three different views (Fig. 1A). A fixation cross was

superimposed on the images, and the subjects were instructed to

maintain visual fixation on the cross throughout the trial. Faces

remained on the screen for 1.5 s, approximately the same duration as

the auditory stimuli.

Voice samples (Fig. 1B) consisted of pair of words. The first

word was a two-syllable adjective, and the second word, a five-

syllable noun. The samples were recorded in a sound-proof room

using CSL software. The sampling rate was 44.1 kHz. The targeted

words were situated within a sentence (bJohn says that [further

consideration] is importantQ) to encourage natural speech, and the

speakers were instructed to read the sentences in a neutral tone. The

pair of words that was to be later used as a stimulus in the experiment

was always situated in the same position within a sentence. The

speakers read each sentence twice during the recording. Eight female

and eight male voices of native English speakers were recorded. Ten

pairs of words were recorded, and three of them (bfurther
considerationQ, bsimple inaugurationQ, and bconstant unrealityQ),
excerpted from the recorded sentences, were chosen for use in the

study. The mean durations of the word pairs were 1155 ms (SD 104

ms), 1243 ms (SD 119 ms), and 1234 ms (SD 130 ms), respectively.

There were no significant differences in durations between the three

voice samples [F(2, 45) = 2.66,P = 0.081]. The energy levels (db) of

voice samples were normalized using CSL/ASPP software. Faces

and voices were presented simultaneously but independently so that

each face was equally likely to appear with any of the voices at both

sample and test.

For the control task, the visual stimuli were phase-scrambled in

the Fourier domain maintaining contrast, luminance, and frequency

information equal to those in the memory task (Fig. 1A). The

auditory stimuli were also phase-scrambled in the Fourier domain,

maintaining frequency information and stimulus amplitude enve-

lopes equal to those in the memory task (Fig. 1B).

Each face and voice was presented 12 times during the experi-

ment. Before the experiment, the subjects saw each face and heard

each voice once to gain familiarity with the stimuli, and once or twice

more during the memory task training. To ensure that subjects could

not perform the task using an old/new recognition judgment, the

same set of faces and voices were used repeatedly across trials.

Subjects were familiarized with the stimuli before the scanning

session to reduce variance between the beginning and the end of the

scanning session due to changes in stimulus familiarity or strategy.

Working memory and sensorimotor control tasks

Two working memory tasks and a control task (Fig. 1C) were

presented in a delayed recognition paradigm in which subjects were

instructed to remember either faces or voices. One second before

each trial, the subjects were presented with an instruction image (for

0.5 s) consisting of theword bfaceQ (for the face task), bvoiceQ (for the
voice task), or bnoneQ (for the control task), indicating which task

was to be performed. In the delayed recognition paradigm, face and

voice samples were presented simultaneously but the subjects were

instructed to pay attention to only one of the stimulus types. In the

face task, the subjects were to memorize the face of the image

independent of angle of view, and in the voice task, the identity of the

speaker independent of words spoken. Different views of the faces

and different words spoken from sample to test ensured that



Fig. 1. (A) Examples of face and scrambled face stimuli. (B) Examples of voice and scrambled voice stimuli. (C) Illustration and timing of the delayed

recognition and control tasks.
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participants could not rely on surface stimulus features and had to

encode andmaintain those aspects of the stimuli that were constant to

that person’s identity across different photographs or voice record-

ings. The sample was presented for approximately 1.5 s followed by

a memory delay of 4.5 s, during which the subjects saw a blank

screen with a fixation cross. Then, a test stimulus was presented for

approximately 1.5 s, during which time the subject indicated with a

left or right button press whether the test stimulus was the same as the

one in the sample period. Each subject was allowed to choose

whether the right or left hand would correspond to the bmatchQ or
bnonmatchQ response. Responses were made with left or right thumb

presses of hand-held button boxes that were connected via a fiber

optic cable to a Cedrus RB-6x0 Response Box. In the face task, the

view of the face image presented during the test period never

matched the view presented during the sample period. For the voice

task, recorded words presented during the test period never matched

the words presented during the sample period. Also, for the voice

task, the face presented during the test period never matched the face

presented during the sample period, and similarly for the face task,

the voice presented during the test period never matched the voice

presented during the sample period. Following each trial, there was

an intertrial interval of 3.0 s. Subjects also performed a sensorimotor
control (Ctrl) task with no mnemonic demand. For this task, the

scrambled stimuli were presented with the same timing as in the

memory tasks but the subjects were instructed that they need not

remember the images or voices, but simply press both buttons when

the test stimulus appeared.

During the scanning, six runs were conducted. In each run, both

memory task conditions were presented in four alternating blocks of

four trials each. Each block of four memory task trials was preceded

and followed by one control trial. Thus, in each run, there were eight

memory test trials for each information type and eight control trials.

The order of tasks was counterbalanced across runs within each

subject, and the order of runs was counterbalanced across subjects.

The reaction times and match/no-match responses were recorded

during the scanning. After the scanning, each subject was asked to

fill out a questionnaire rating the difficulty of each task and

mnemonic strategies used in his/her task performance.

In the behavioral study conducted in the laboratory environment

before the brain scanning, the number of trials, number of blocks in

each run, and the timings were equal to the memory tasks performed

in the magnet. Control trials were not included in the behavioral

study. During half of the runs, the subjects were exposed to the noise

induced by an echo-planar imaging (EPI) sequence. The EPI
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sequence was recorded at the F.M. Kirby Research Center for

Functional Brain Imaging, and played while the subject performed

the tasks in the behavioral testing laboratory. Analysis of variance

for repeated measures (BMDP2v, BMDP Statistical Software, Inc.,

Release 7.1) was used to test the main effects and interactions of task

(Face vs. Voice) and experimental condition (silence vs. background

EPI noise) on reaction times (RTs) and the accuracy of the task

performance. For the data obtained during scanning, a pairwise t test

was used to test the effect of task on the accuracy and RTs.

fMR imaging and data analysis

MR images were acquired with a 1.5-T Philips Gyroscan ACS-

NT MR scanner (Philips Medical Systems). A T1-weighted

structural image (70 axial slices, 2.5 mm, no gap, TR = 20 ms,

TE = 4.6ms, flip angle = 308, matrix 256� 256) was obtained before

the functional scanning. During the performance of the tasks,

subjects underwent T2*-weighted interleaved gradient-echo, echo-

planar imaging (19 axial slices, 5-mm thickness, no gap, TR = 1500

ms, TE = 40 ms, flip angle = 708, matrix 64� 64). The images were

phase-shifted using Fourier transformation to correct for slice

acquisition time, then motion-corrected using automatic image

registration (AIR) software (Woods et al., 1998), and analyzed

separately for each subject using multiple regression (Friston et al.,

1995) with Analysis of Functional NeuroImages (AFNI) software

(Cox, 1996). Changes in neural activity were modeled as square-

wave functions matching the time course of events of experimental

tasks. These square waves were convolved with a gamma function

model of the hemodynamic response using the following values:

2.0 s for lag, 3.0 s for rise time, and 5.0 s for fall time to create the

regressors of interest in the multiple regression analysis. Additional

regressors were included to model sources of variance not related to

the experimental manipulations (mean intensity between and linear

drift within time series). Both memory task conditions (face and

voice) were separately contrasted to control tasks, and to each other,

for each of the three main events of the tasks (encoding, delay, and

recognition). For the direct comparisons between the memory tasks

(face vs. voice), the analysis was restricted to only those voxels

showing significantly greater activity for any of the memory versus

control tasks (face vs. control task, voice vs. control task, both tasks

vs. control task) in a given main event of the tasks. Each of these

contrasts resulted in a Z-map for each subject.

Z-maps were registered into the Talairach coordinate system

(Talairach and Tournoux, 1988) and resampled to 1 mm3. Average

Z-maps were computed by dividing the sum of individual subject Z-

values by the square root of the sample size using AFNI software

(Cox, 1996). This procedure is mathematically equivalent to doing a

group (fixed-effect) multiple regression analysis. All tests of

voxelwise significance, which were applied to the mean Z images,

were held to a Z threshold of 2.33, corresponding to a P b 0.01, and

corrected for multiple comparisons (P b 0.05) using a measure of

probability that uses the individual voxel Z score threshold and the

number of contiguous significant voxels. Based on a Monte Carlo

simulation run via AFNI (Ward, 2000), it was estimated that a 387

mm3 contiguous volume (six voxels, each measuring 3.59� 3.59�
5 mm) for the volume of the entire brain would meet the P b 0.05

threshold. For the direct comparison between memory tasks, the

analysis was restricted to only those voxels showing significantly

greater activity for any of the memory tasks versus control. Within

this restricted number of voxels, a 258 mm3 cluster size (4 voxels)

satisfied a 0.05 experiment-wise probability. Activations were
anatomically localized in the averaged maps using T1-weighted

images.

Region of interest (ROI) analysis

Based on anatomical hypotheses derived from previous studies

of nonspatial working memory for visual stimuli (e.g., Rämä et al.,

2001), ROIs encompassing the anterior inferior frontal gyrus and

anterior insula (IFG/Insula) and posterior inferior frontal gyrus

(IFG) were drawn in both hemispheres of a Talairach transformed

brain according to Brodmann areas (BAs) and anatomical land-

marks of the Talairach (Talairach and Tournoux, 1988) and

Damasio (Damasio, 1995) brain atlases. The IFG/Insula ROI

included BAs 45 and 47 of the IFG (z = �5.0–16.00 mm). The

posterior border of the IFG/Insula ROI was the anterior bank of the

sylvian fissure (z = �5.0–12.0 mm) and the anterior bank of the

precentral sulcus (PreCS) (z = 12.0–16.00 mm). The anterior

border of the IFG/Insula ROI was the inferior frontal sulcus (IFS).

The IFG ROI included BAs 44 and 45 of the IFG (z = 17.0–34.0

mm). The posterior border of the IFG ROI was the anterior bank of

PreCS, and the anterior border was the posterior bank of IFS.

For each ROI, the number of voxels significantly activated (not

corrected for multiple comparisons) during memory delays relative

to the control delays was computed for each subject. The number

of significantly activated voxels was then normalized by dividing

by the total number of voxels in each ROI. In addition, for each

ROI, the mean signal intensities (b-coefficients) across all

significantly activated voxels (corrected for multiple comparisons),

determined as described above, were computed for each subject.

Analysis of variance for repeated measures with subject as a

random factor (BMDP2v, BMDP Statistical Software, Inc., Release

7.1) was used to test the main effects and interactions of task,

event, hemisphere, and brain region on both the number of

suprathreshold voxels and b-coefficients. A pairwise t test was

then used to test the effect of task on the number of activated

voxels and b-coefficients separately for each ROI.

Response topography correlation analysis

The multiple regression on the original data was re-run with

separate regressors for either odd or even numbered blocks of each

task. Then, these four sets of coefficients (even-faces, odd-faces,

even-voices, odd-voices) for all significantly activated voxels within

each subject were used in the correlation analysis. Correlations were

calculated between the response topography on odd blocks and the

response topography on even blocks of the same WM task, for a

measure of within-task consistency of the topography. Correlations

were also calculated between the response topography on odd (even)

blocks of one WM task and the response topography on odd (even)

blocks of the other WM task, for a measure of between-task

consistency of the topography. In the group average Z-maps, clusters

of voxels that were activated in any of the planned contrasts—face

versus control, voice versus control, or both tasks combined versus

control—were assigned to five broadly defined anatomical regions

(each including both hemispheres except posterior parietal cortex in

which activity was observed only in the left hemisphere): ventral

prefrontal cortex (IFG/Insula, IFG, and MFG), dorsal prefrontal

cortex (SFS, PreCG, and MFG), posterior parietal cortex, temporal

cortex, and occipital cortex. Correlation coefficients were converted

to Z scores and t tests were performed to test whether the response

topography within each region was more highly correlated within



Table 2

Delay activity for faces and voices versus control

Area Face N Control Voice N Control

x, y, z Peak Z Mean Z Spatial extent

(mm3)

x, y, z Peak Z Mean Z Spatial exten

(mm3)

Occipital

FG 35, �41, �19 4.41 2.94 1087

�41, �51, �16 3.54 3.19 699

Temporal

STS/STG �55, �29, 1 3.65 2.85 541 �60, �31, 5 5.24 3.06 2445

54, �3, 1 5.53 2.95 636

STS/MTG 44, �47, 0 5.27 2.98 1285

Parietal

IPS/SMG �33, �69, 36 6.39 3.25 4229 �35, �64, 35 4.70 3.00 754

Frontal

IFG/Insula �27, 18, 9 6.84 3.41 1301 �35, 11, 8 5.82 3.11 1677

30, 16, 8 4.63 3.15 664 29, 14, 8 5.14 3.18 408

40, 14, 14 5.33 3.02 980

IFG �45, 26, 20 4.53 3.24 387 �41, 3, 29 5.14 3.06 2571

�35, 10, 26 6.67 3.36 4695

42, 11, 26 4.70 3.07 3109 37, 0, 30 4.53 2.95 1357

MFG �37, �4, 54 5.30 3.08 412

SFS/PreCG �24, �15, 50 4.93 3.16 1472

SFGm 4, 16, 45 7.33 3.41 5582 �1, �5, 56 9.26 3.59 4463

Others

Caudate nucleus �14, 11, 5 3.31 2.83 415

Note. Areas of significant activity, the peak and mean Z values, the spatial extent of a given activity, and the Talairach coordinates of maximum Z value within

each region during the delay period of the memory tasks relative to control tasks.

Table 1

Sample activity for faces and voices versus control

Area Face N Control Voice N Control

x, y, z Peak Z Mean Z Spatial extent

(mm3)

x, y, z Peak Z Mean Z Spatial exten

(mm3)

Occipital

FG �38, �67, �16 5.40a 3.12 7971

33, �80, �21 5.72b 3.09 11,528

LG 12, �38, �2 3.82 2.78 968

LOG �29, �88, �1 4.98a

38, �82, �6 5.99b

Cuneus �6, �79, 19 4.17 2.82 913

Temporal

STS/STG �59, �16, �2 4.28 2.90 1188 �55, �4, 0 5.16 2.94 930

59, �36, 6 4.11 2.82 435 51, �18, �2 6.74 3.21 2165

45, �45, 7 5.25 2.95 1250

Parietal

IPS/AG 34, �57, 37 3.93 2.85 413 33, �63, 31 4.46 2.80 677

IPS/SPL �27, �69, 25 4.01 2.92 622

SPL �20, �84, 25 5.40 2.98 667

Frontal

IFG/Insula 51, 5, 4 4.43 2.85 432

IFG �44, 19, 28 4.34 2.84 388

Note. Areas of significant activity, the peak and mean Z values, the spatial extent of a given activity, and the Talairach coordinates of maximum Z value within

each region during the sample period of the memory tasks relative to control tasks.
a The cluster included two separate activation loci with local maxima in both the left FG and left LOG.
b The cluster included two separate activation loci with local maxima in the right FG and right LOG.
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task than between tasks. ANOVAs and correlation analyses that were

performed on the b-coefficients derived from the initial multiple

regression analysis all included subjects as a random factor. Also,

within each of these regions, for each subject, the correlation analysis

was limited to those voxels that were significantly positively

activated for that subject individually, in any of the same contrasts.

Within each subject, within each of the five regions (ventral

prefrontal, dorsal prefrontal, parietal, temporal, and occipital), these

voxels were ordered hierarchically in two ways. These two sorting

procedures each gave a one dimensional bvoxel indexQ that included
all values for each of the three spatial directions. In one sorting

procedure, voxels were sorted first by posterior to anterior voxel

value. Within each group of voxels with the same anterior–posterior

value, voxels were sorted again by ventral–dorsal, and then again

within the group of voxels that had the same anterior–posterior and

ventral–dorsal values, voxels were sorted again by left–right voxel

value. The second sorting procedure was identical, but with ventral–

dorsal first, then anterior–posterior, and finally left–right. The beta

coefficients as a function of voxel index for each WM task thus

became a metric for the response topography within each region.
Fig. 2. Cross-subject average statistical maps of activation (A) during direct

comparisons between activations during the sample period of the face and

voice tasks overlaid on a Talairach normalized anatomical image, (B)

during the delay period of the face and voice tasks (relative to control task),

and (C) during direct comparisons between activations during the test

period of the face and voice tasks.
Results

Behavioral data

A separate group of participants was tested on both the auditory

and visual working memory tasks before the fMRI portion of the

study to test for difficulty differences between the tasks and the

possible interference of the background noise of MRI scanning on

task performance. These results showed that there was no significant

main effect of memory task (face vs. voice) on the accuracy of the

task performance [F(1,8) = 1.33, P = 0.28]. The main effect of

condition (silence vs. background recorded EPI noise) was

significant [F(1,8) = 7.11, P b 0.05]. The subjects made more

errors during magnet noise (mean accuracy for face task was 84%,

for voice task 86%) thanwithoutmagnet noise (for face task 90%, for

voice task 91%) during both tasks. However, therewas no interaction

between task and condition [F(1,8) = 0.00, P = 0.99]. The main

effects of task [F(1,8) = 5.40, P b 0.05] and condition [F(1,8) =

8.89, P b 0.05] on reaction time (RT) were significant. RTs were

longer for the voice than for the face task, and longer during magnet

noise condition (1603 ms for face task, 1675 ms for voice task) than

during silence (1485ms for face task, 1578ms for voice task). Again,

there was no interaction between task and condition [F(1,8) = 0.35,

P = 0.57]. During fMRI scanning, however, the subjects made more

incorrect responses during the voice (mean accuracy 82%) than the

face (mean accuracy 89%) task [t(12) = 2.60, P b 0.05]. The RTs

were also longer for the voice (1595 ms) than for the face (1376 ms)

task but the difference was not statistically significant.

fMRI data

Voxelwise multiple regression

Face and voice task activations relative to control (Tables 1–3)

Sample period. For the face samples, activation was detected

bilaterally in the fusiform gyrus (FG) and lateral occipital gyrus

(LOG), in the right lingual gyrus (LG), and in the left cuneus. The

superior temporal sulcus/gyrus (STS/STG) and the inferior parietal

cortex were bilaterally activated, and the superior parietal cortex was
activated on the left hemisphere. For the voice samples, there was

bilateral activation of the STS/STG and inferior frontal gyrus,

whereas the inferior parietal cortex was activated in the right

hemisphere (Table 1).

Delay period. Several occipital, temporal, parietal, and frontal

regions were activated during the delay period of the tasks. The

FG was bilaterally activated during face delays. For voice

delays, there was bilateral activation of the STS/STG, whereas

the left STS/STG was activated during face delays. The left

intraparietal sulcus/supramarginal gyrus (IPS/SMG) was activated

during both delays. Finally, in the frontal lobe, the left middle

frontal gyrus was activated for voice delays and the left superior

frontal sulcus/precentral gyrus (SFS/PreCG) for face delays. The

inferior frontal gyrus/insula (IFG/insula), IFG, and medial part of

the superior frontal gyrus (SFGm) were activated during both

delays. Caudate nucleus was also activated during face delays

(Table 2; Fig. 2B).



P. Rämä, S.M. Courtney / NeuroImage 24 (2005) 224–234230
Test period. Several occipital, temporal, parietal, and frontal

regions were also activated during the test period of the tasks.

There was bilateral activation of the FG, STS/STG, and IPS/

SMG during both tasks. In the frontal lobe, bilateral IFG/

Insula was activated during both tasks. The left IFG was

activated during the face task, whereas the right IFG during

both tasks. The right MFG and SFGm were activated during

both tasks. Parahippocampal gyrus/hippocampus (ParaHC/HC)

and posterior cingulate gyrus were activated during the face

task (Table 3).

Direct voxelwise comparisons: face N voice and voice N face.

During the sample period, the FG and LOG were activated

more for the face than for the voice task, whereas the right

STS/STG was activated more for voice than for face samples.

Similarly, during the test period, the FG was more active for the

face task and the STS/STG was more active for the voice task.

In addition, several frontal areas (IFG/Insula, IFG, MFG, and

SFGm) were activated more for the test period of the voice than

for the face task. During the delay period, the left FG and the

left IPS/SMG were activated more for the face than for the

voice task, whereas the SFGm was activated more for voice

than for face delays (Table 4; Figs. 2A,C).
Table 3

Test activity for faces and voices versus control

Area Face N Control

x, y, z Peak Z Mean Z Spatial ex

(mm3)

Occipital

FG �36, �71, �19 6.68 3.23 8348

35, �55, �21 6.56 3.54 9237

Temporal

STS/STG �62, �32, 0 6.47 3.18 5574

53, �23, �2 6.57b 3.23 23 256

Parietal

IPS/SMG �36, �72, 41 5.16 3.12 1168

35, �71, 43 5.89 3.17 4716

Frontal

IFG/Insula �26, 22, 3 6.66 3.16 2747

46, 9, 0 7.76b

IFG �46, 24, 30 5.35 2.91 690

�42, 7, 33 4.40 2.88 879

44, 32, 23 6.86b

MFG 37, �5, 57 5.42 3.00 474

39, 20, 32 6.25b

SFGm 3, 2, 55 6.04 3.13 4152

Others

ParaHC/HC �20, �14, �10 3.88 2.86 637

13, �15, �10 6.05 2.95 1946

Post.

Cingulate G

2, �27, 25 6.10 3.01 2399

Note. Areas of significant activity, the peak and mean Z values, the spatial extent o

each region during the test period of the memory tasks relative to control tasks.
a The cluster included two separate activation loci with local maxima in the left
b The cluster included four separate activation loci with local maxima in the righ
c The cluster included four separate activation loci with local maxima in the righ
ROI analyses in the ventral prefrontal areas

During the stimulus presentation, the voxelwise multiple

regression analysis showed a dissociation between occipital (FG/

LG) and temporal (STS/STG) cortical areas for face versus voice

tasks, whereas during the delays, the ventral prefrontal cortex was

active for both tasks and there were no significant differences

between the tasks in the direct voxelwise comparisons within this

region. Such a result, however, does not prove absence of a

functional dissociation, and therefore the data for delay periods were

further analyzed using two other methods. First, an ROI analysis was

performed within the ventral prefrontal cortex (comparing the IFG to

the IFG/Insula as described in Materials and methods) on both the

number of activated voxels and the signal intensity (b-coeffi-
cients), and then, functional topography correlation analysis was

performed on the spatial pattern of activation magnitude across

voxels within activated clusters in the occipital, temporal, parietal,

and prefrontal cortices.

The ROI analysis during the memory delays demonstrated that

there was a significant main effect of brain region on the number of

significantly activated voxels [F(1,11) = 7.13, P b 0.05] but no

main effect of task nor interaction between the task and brain

region. For signal intensities, however, an interaction between task
Voice N Control

tent x, y, z Peak Z Mean Z Spatial extent

(mm3)

�37, �68, �21 3.94 2.89 689

38, �68, �19 4.10 3.07 968

�56, �27, �1 8.26a 3.38 17 398

54, �23, �2 10.61c 3.50 33 010

�28, �63, 35 4.45 2.92 811

30, �69, 37 5.70 3.20 5982

�27, 22, 3 8.15a

42, 13, 1 6.20c

44, 31, 18 6.53c

45, 17, 31 5.94c

44, 11, 41 6.39c

1, 7, 52 7.17 3.23 5767

f a given activity, and the Talairach coordinates of maximum Z value within

STS/STG and left IFG/Insula.

t STS/STG, left IFG/Insula, left IFG, and left MFG.

t STS/STG, right IFG/Insula, right IFG and right MFG.



Table 4

Direct comparisons between the tasks

Area Face N Voice Voice N Face

x, y, z Peak Z Mean Z Spatial extent

(mm3)

x, y, z Peak Z Mean Z Spatial extent

(mm3)

Sample

FG �32, �61, �20 4.62 3.12 1503

42, �62, �19 5.23 3.03 1501

LOG �33, �88, 5 4.82 3.14 605

STS/STG 59, �26, �3 4.17 2.91 260

Delay

FG �39, �53, �18 4.34 3.22 321

IPS/SMG �26, �66, 42 3.96 2.93 420

SFGm �4, �4, 56 4.40 2.90 377

Test

FG �34, �61, �21 5.93 3.23 1170

33, �51, �21 5.05 3.11 2753

STS/STG �54, �27, �1 5.21 3.07 2380

56, �22, �3 6.12 3.12 3686

IFG/Insula �47, 15, 4 5.49 3.06 551

51, �1, 3 5.20 3.10 636

IFG 47, 15, 25 5.07 2.97 948

MFG 37, 3, 45 4.73 2.96 796

SFGm 3, 24, 45 4.05 2.80 377

3, 1, 57 4.17 3.13 437

Note. Areas of significant activity, the peak and mean Z values, the spatial extent of a given activity, and the Talairach coordinates of maximum Z value within

each region during each period of the memory tasks for faces versus voices.
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and brain region was significant [F(1,11) = 11.36, P b 0.01].

Signal intensity of activated voxels was greater for face than for

voice delays in the left IFG (P b 0.05), whereas signal intensity

was greater for voice than for face delays in the right IFG/Insula

but this difference did not quite reach statistical significance (P =

0.059).

Functional topography correlation analysis

To test for functional topographies of activation during memory

delays, we performed a correlation analysis on the pattern of

activation magnitude within activated clusters in the prefrontal,

parietal, temporal, and occipital cortices. The analysis is described

in detail in Materials and methods, and the results in two individual

subjects are shown in Fig. 3.

Functional topographies were significantly more similar within

task than between tasks for ventral frontal (r = 0.68 and 0.63, res-

pectively, P b 0.05), dorsal frontal (r = 0.71 and 0.59, respectively,

P b 0.05), and temporal (r = 0.73 and 0.69, respectively, P b 0.05)

cortices. In the ventral prefrontal cortex, activation for the face task

increased more than for the voice task with increasing ventral–

dorsal voxel index (slopes = 8.84�05 vs. 0.49�05, P b 0.05),

indicating a ventral–dorsal auditory–visual topography in the

ventral prefrontal cortex. This is consistent with the results of the

ROI analysis, which showed more activation in the IFG/Insula (BA

45/47) for the voice task and more activation in the IFG (BA 44/45,

dorsal to the IFG/insula) for the face task). Dorsal frontal cortex

activation for the face identity task decreased significantly more

than for the voice task with increasing posterior–anterior voxel

index (slopes = �3.58�04 vs. �0.73�04, P b 0.005). This is

consistent with the voxelwise analysis, which indicated that the

SFS/PreGC was more active for face delays relative to control
delays, whereas the posterior part of the MFG, located anterior to

the SFS/PreCG, was more active for voice delays relative to

control delays (Table 2). In the temporal cortex, there were no

statistically significant differences in slopes for any of the voxel

index orders.

In summary, voxelwise multiple regression analysis showed

that during the stimulus presentation, activation was greater for the

face than for the voice identity task in the FG and LOG and,

conversely, greater for voices than for faces in the STS/STG.

Ventral prefrontal regions (IFG/Insula and IFG) were activated by

both memory delays in comparison with the control delays and

there was no difference in direct individual voxel comparisons

between the tasks. Further analyses (ROI and functional top-

ography correlation analyses) for memory delays, however,

provided evidence for a difference in topography for face and

voice tasks, suggesting that separable neural systems in the ventral

prefrontal cortex are recruited by nonspatial visual and auditory

working memory processing.
Discussion

The results suggest that there is a modality-specific attentional

modulation of activity in visual and auditory sensory areas during

the stimulus presentation in a working memory task. The FG and

LOG were more active for faces than for voices whereas the STG/

STS was more active for voices than for faces. Earlier, the FG has

been shown to be more active during viewing or matching of faces

than that of other objects (Kanwisher et al., 1997; McCarthy et al.,

1997; Sergent et al., 1992), locations (Courtney et al., 1996, 1997;

Haxby et al., 1994), or scrambled faces (Clark et al., 1996, 1998;

Courtney et al., 1996, 1997; Kanwisher et al., 1997; Puce et al.,



Fig. 3. Results of the functional topography correlation analysis for two individual subjects. (A) The topographies are plotted with response magnitude (beta

coefficient) as a function of voxel index. Blue and green lines illustrate odd and even trials for face task, and red and yellow lines odd and even trials for voice

task, respectively. For the dorsal frontal region, the voxels are ordered first from posterior to anterior. For the ventral prefrontal and temporal regions, the voxels

are ordered first from ventral to dorsal. For illustrative purposes, each data point shown is the average of the beta coefficients from 25 to 730 voxels depending

on the total number of significantly activated voxels for that subject within each region. (B) The horizontal and coronal brain images show the three regions

(defined from the group multiple regression analysis) within which the response topographies were analyzed.
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1995). The STS has been earlier shown to be selectively activated

by voices (Belin et al., 2000, 2002; Shah et al., 2001). Our results

support the suggestion that the STS may be analogous to the face

sensitive area in the FG (Belin et al., 2000, 2002; Shah et al.,

2001). The ventral prefrontal cortex was active for both face and

voice delay types and there was no difference in a direct individual

voxel comparison between the tasks in the present study. Such a

result, however, does not prove the absence of a functional

dissociation, and therefore the data for delay periods were further

analyzed using two other methods (ROI and functional topography

correlation analyses). Both of these analyses showed that there was

a within-domain, across modality dissociation within the ventral

prefrontal cortex for face and voice memory delays.

Within the ventral prefrontal cortex, there was a ventral/dorsal

auditory/visual functional topography for working memory

maintenance. The inferior part of the ventral prefrontal cortex

was more active for voice delays whereas the more dorsal part of

the ventral prefrontal cortex was more active for face delays. The

present results are partly consistent with those of an earlier

positron emission tomography study that compared working

memory for aurally and visually presented phonological informa-
tion (Schumacher et al., 1996). That study showed that Broca’s

area in the ventral prefrontal cortex was active for both tasks

relative to control tasks but the inferior part of the region was

more active for the auditory than for the visual task. Consistent

with that study and the current study, although only small regions

in the prefrontal cortex are shown to be modality-specific for

auditory and visual information in monkeys, the auditory modal-

ity-specific regions in the ventral prefrontal cortex were found

inferiorly and anteriorly to those of visual modality-specific

regions (Poremba et al., 2003). In a more recent fMRI study, the

modality-specific activity was not found in the ventral, but in the

dorsolateral prefrontal cortex, which was shown to be more active

for auditory than for visual working memory (Crottaz-Herbette et

al., 2004). That study did not find a double dissociation between

auditory and visual information within prefrontal cortex. Both of

these earlier imaging studies, however, used phonological (e.g.,

letters or digits) material to be remembered in their memory

tasks, and auditory and visual stimuli were presented separately

in the different task blocks. To our knowledge, the present study

is a first attempt to study nonverbal auditory and visual working

memory.
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In our memory tasks, face and voice samples were presented

simultaneously but the subjects were instructed to pay attention to

one or the other of the stimulus types. Such an experimental design

ensures that the differences that are observed are due to differences

in the neural systems for active working memory maintenance of

auditory versus visual information and not simply to differences in

sensory stimulation. Thus, the relative rather than absolute

dissociation observed in this study is not surprising. There are

several differences between the memory and control tasks and

activity common for both tasks relative to the control task is

nonspecific and could relate to several different cognitive

processes. The simultaneous presentation of face and voice stimuli

may have additionally diminished differences in activation

between the tasks, because even though the subjects in the present

study were not asked to maintain the conjunction of faces and

voices in memory, they may have done so automatically due to

nature of stimuli. Working memory maintenance of conjunction of

spatial and nonspatial visual information has been shown to recruit

the same neural system as the maintenance of either information

type alone but the neural responses are less within the dorsal and

ventral areas compared to the responses obtained during processing

of only their preferred information (Sala and Courtney, 2002). On

the other hand, it has been shown that cross-modal binding of

auditory and visual information is associated with greater activity

in the multimodal areas, such as insula/frontal operculum, dorso-

lateral frontal, posterior parietal, and superior temporal gyri, but

lower activity in the unimodal areas (Bushara et al., 2003; Calvert

et al., 2000). In the present study, however, we did not compare

activity during separate presentation of face or voices to simulta-

neous presentation of both stimulus types.

In addition to prefrontal areas, several other regions were

activated during the delay period of the tasks. Superior temporal

gyrus/sulcus was activated during both face and voice delays

relative to control delays whereas the fusiform gyrus was activated

only during face delays. Superior temporal sulcus, in addition to

exhibiting voice-selective activity, has been shown to be part of the

ventral visual pathway involved in processing of facial expres-

sions, gaze direction and lip movements (for review, see Haxby

et al., 2000). The left posterior parietal cortex was activated during

both face and voice delays relative to control delays but in the

direct comparison between the tasks; activation was greater during

the face than voice delays. In our face task, the subjects were

instructed to maintain the identity of the face in working memory

independently of the direction of view. It is possible that the

activity in the IPS/SMG is related to engagement of the spatial

processing system.

Earlier, single neurons sensitive to monkey vocalization in the

ventral prefrontal cortex were found to be anatomically located

more anteriorly and laterally than those of visually responsive

neurons (Romanski and Goldman-Rakic, 2002). The present

results suggest that there might also be a within-domain, across-

modality dissociation with the human ventral prefrontal cortex for

face and voice memory delays. However, this within-information-

type (nonspatial) and across-modality topography appears to be

much less pronounced than the within-modality and across-

information-type (nonspatial and spatial) topography previously

reported within visual (e.g., Courtney et al., 1998a; Glahn et al.,

2003; Munk et al., 2002; Sala et al., 2003) and auditory (e.g., Alain

et al., 2001; Arnott et al., 2002; Rämä et al., 2004) systems.

Comparison across these previous studies suggests that spatial

information is preferentially maintained by the superior frontal
cortex for both visual and auditory information. Further research is

needed to ascertain whether there may also be a functional

topography within the superior frontal cortex for visual versus

auditory spatial information maintenance.
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